We have carried out a large-scale identification and characterization of human genes that activate the NF-jB and MARK signaling pathways. We constructed fulllength cDNA libraries using the oligo-capping method and prepared an arrayed cDNA pool consisting of 150 000 cDNAs randomly isolated from the libraries. For analysis of the NF-jB signaling pathway, we introduced each of the cDNAs into human embryonic kidney 293 cells and examined whether it activated the transcription of a luciferase reporter gene driven by a promoter containing the consensus NF-jB binding sites. In total, we identified 299 cDNAs that activate the NF-jB pathway, and we classified them into 83 genes, including 30 characterized activator genes of the NF-jB pathway, 28 genes whose involvement in the NF-jB pathways have not been characterized and 25 novel genes. We then carried out a similar analysis for the identification of genes that activate the MARK pathway, utilizing the same cDNA resource. We assayed 145 000 cDNAs and identified 57 genes that activate the MARK pathway. Interestingly, 27 genes were overlapping between the NF-jB and the MAPK pathways, which may indicate that these genes play crosstalking roles between these two pathways.
Introduction
Cells respond to diverse extracellular stimuli by transducing extracellular signals from cell-surface receptors to cytoplasmic molecules. Within the cell, complex networks of intermediate molecules sequentially transfer the signals from the plasma membrane into the nucleus and eventually activate transcription factors that induce new gene expression. It has been a central theme of molecular biology to delineate the signaling pathways involved in a particular biological response of the cell and to identify the genes involved in the pathways.
The signaling pathway, which leads to the eventual activation of transcription factor NF-kB, plays a pivotal role in immune and inflammatory responses. NF-kB is activated in response to TNFa, IL-1, bacterial lipopolysaccharide (LPS) and various growth factors (http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id ¼ 164011). Recent intensive efforts have delineated how extracellular signals are transmitted to NF-kB in some detail (Verma and Stevenson, 1997; Karin, 1999) . In most circumstances, NF-kB is sequestered in the cytoplasm bound to any of the inhibitors collectively called IkB (Jacobs and Harrison, 1998) . Various external stimuli lead to the phosphorylation of IkB by IkB kinases (IKKs), which results in its ubiquitination and proteolytic degradation at the proteasome. Then NF-kB, which is released from IkB, is allowed to translocate into the nucleus, bind to its cognate DNA elements and induce the transcription of various cytokines, their receptors and other proinflammatory genes such as TNFa, IL-2, IL-6, IL-8, IL-2R, IFNg and VCAM-1 (Baeuerle and Baltimore, 1996; Baldwin, 1996; Ghosh et al., 1998; Barkett and Gilmore, 1999) . Since greater knowledge of the NF-kB pathway is expected to shed light on the pathogenesis of human inflammatory diseases such as rheumatoid arthritis and asthma and in certain types of cancer and may identify new targets for pharmacological intervention, the molecular mechanism of this signaling pathway has attracted widespread interest (Yin et al., 1998; Baldwin, 2001; Reed, 2001) .
However, even in this relatively well-characterized signaling pathway, the mechanisms by which distinct pathways from various receptors converged onto IkB are not fully understood and are still being actively investigated. Recent evidence suggests that crosstalk with other pathways plays an important role in the regulation of the NF-kB pathway as well. For example, inhibition of the kinase activity of p38, which is the most downstream kinase of the MAPK pathway, significantly inhibits NF-kB-dependent gene expression, as the translocation of NF-kB to the nucleus remains intact (Stein et al., 1993; Beyaert et al., 1996; Schmitz et al., 2001; Schulze-Osthoff et al., 1997) . Although much progress has been made, our knowledge of most of the signaling pathways and their crosstalk is still incomplete.
In order to enhance our understanding of various signaling pathways and their crosstalk, genomewide identification and characterization of genes involved in each of the pathways should be invaluable. Although recent papers using microarray analysis have begun to describe changes in gene expression patterns invoked by activation of a certain transcription factor(s) or a signaling pathway(s), almost no paper has focused on the molecules that are directly involved in the signaling pathway itself. For that purpose, we initiated a systematic approach to analyse signaling pathways. In order to carry out such an analysis of the NF-kB pathway, we constructed full-length cDNA libraries using the oligo-capping method, which we developed previously (Maruyama and Sugano, 1994; Suzuki et al., 1997) , and prepared an arrayed cDNA pool consisting of 150 000 cDNA clones randomly isolated from the libraries. Each of the cDNAs was transiently introduced into human embryonal kidney (HEK) 293 cells and assayed as to whether it activated NF-kB in a luciferase reporter gene assay. In order to facilitate the reporter gene assay, it was essential to use full-length cDNA libraries, since cDNA libraries constructed by conventional methods mostly consist of truncated cDNAs that lack the initiator ATG and are thus useless for directing protein expression. We then applied the same approach for the analysis of the MAPK pathway. Here, we report our first large-scale identification and characterization of human genes that activate the NF-kB and the MAPK signaling pathways.
Results and discusssion

Construction of full-length cDNA libraries
We constructed full-length cDNA libraries from human normal lung fihroblast (HNLF) cells cultured without (Library 1) or with (Library 2) previous exposure to IL-4 and TNFa. In order to cover the longer mRNA population, we also constructed a size-fractionated cDNA library using Library 1 (Library 3). For characterization of the libraries, we determined the one-pass sequences of 96 clones isolated from each library. Overall, the libraries contained about 70% fulllength cDNAs, with the average cDNA insert sizes being 1.5 kb for Libraries 1 and 2 and 3.3 kb for Library 3 (Table 1) . Since each cDNA insert was cloned downstream of a eucaryotic promoter. SRa, which is the promoter of SV40 large T antigen, it could be directly expressed when introduced into mammalian cells. We randomly isolated 150 000 cDNA clones from the libraries (60 000, 60 000 and 30 000 from Libraries 1, 2 and 3, respectively) and prepared an arrayed cDNA pool.
Genomewide identification of the full-length cDNAs that activate the NF-kB pathway
In order to identify genes that activate the NF-kB pathway, each of the cDNAs was introduced into HEK293 cells and examined as to whether it activated the transcription of NF-kB in a luciferase reporter gene assay. We used pNF-kB-Luc, which contains four tandemly repeated NF-kB binding sites, as a reporter plasmid. The cDNA clones that induced the luciferase activity more than fourfold compared to the mock insert plasmid were defined as 'positive' clones. In total, we isolated 299 'positive' cDNAs out of 150 000 cDNA clones.
The isolated cDNA clones were sequenced from both the ends and BLAST searches were performed against the Genbank nonredundant (nr) database. Among the 299 cDNAs, 245 were cDNAs of 'Named' genes and 54 were cDNAs of 'Novel' genes. These cDNAs could be clustered into 58 nonredundant 'Named' genes and the 25 'Novel' genes. In order to further characterize the 'Named' genes, we searched the literature for evidence about whether their involvement in the NF-kB pathway had been reported so far. Among the 58 'Named' genes, 30 had been reported to activate NF-kB ('Characterized Genes'). Regarding the other 28 genes, their involvement in the NF-kB pathway had not been reported ('Uncharacterized Genes'). The complete lists of the genes belonging to each category are shown in Tables 2 ('Characterized Genes'), 3 ('Uncharacterized Genes') and 4 ('Novel Genes'). As for each of the libraries, 96 cDNAs were randomly selected and their 5 0 -end sequences were determined. The determined cDNA sequences were searched against RefSeq (http://www.ncbi.nlm.nih.gov/LocusLink/refseq.html) with the cutoff value of 1.0eÀ100. Among the cDNAs that matched RefSeq cDNAs ('Known'), the cDNAs which covered the reported translation initiator ATG were tentatively categorized as 'Full'. Those that lacked the initiator ATGs were categorized as 'Truncated'. The cDNAs that corresponded to different splice isoforms of the reported ones were categorized as 'Not-specified'
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For all of the 'Novel Genes' and 'Uncharacterized Genes', whose roles in the NF-kB pathway have not been characterized, we repeated the reporter gene assay and confirmed that the fold induction of the luciferase gene activity was increased in proportion to the amount of introduced plasmid. The expected correlation was observed in most cases (Supplementary Information Figure 1 ). In the rare cases, in which such dose dependency was not observed, the corresponding genes were excluded from the data set (data not shown). In order to further confirm that the identified genes activate the NF-kB, not just the kB element in the reporter plasmid, we introduced dominant-negativetype mutant of IKKb, which is the most common convergent point of this signaling pathway. The results showed that, in all cases, the fold induction invoked by these genes could be suppressed by the mutant IKKb (Supplementary Information Figure 2 ). This observation strongly supported that the genes listed in Tables 2-4 are biological relevant activators of the NF-kB. It was also suggested that the genes identified in this study modulate their activity upstream to the IKKb.
Identification of 'Characterized Genes'
We first overviewed what kinds of genes were included among the 'Characterized Genes'. The strongest fold induction was observed for the cDNAs of the TNF receptor gene, which has been reported to activate the NF-kB pathway when overexpressed (Pahl, 1999) . A total of 34 TNF receptor cDNAs with an average fold induction of 680 were isolated. The most frequently isolated cDNAs were those for the RhoA gene. In all, 58 RhoA cDNAs were isolated from this assay. Recent studies demonstrated that RhoA triggers the translocation of the NF-kB into the nucleus and induces the gene expression from NF-kB-dependent promoters (Montaner et al., 1998) . For each gene in Table 2 , the ID no. of the OMIM database is listed to provide access to the references that describe how the corresponding gene is involved in the NF-kB pathway and what experimental evidence supports its involvement (http://www. ncbi.nlm.nih.gov/entrez/dispomim.cgi7id ¼ 'OMIMID'). Genes that are abundantly expressed but explicitly have no relation to the NF-kB pathway, such as cDNAs of the EF-1 alpha gene and the ribosomal protein genes, showed fold induction of less than 4 (data not shown). From these results, we concluded that our system works effectively for the screening of full-length cDNAs of genes involved in the NF-kB pathway.
Characterization of the 'Uncharacterized Genes'
As shown in Table 3 , 28 'Uncharacterized Genes' were identified as potential activators of NF-kB. It is The genes previously characterized as activators of the NF-kB pathway and identified in this study were listed. The fold inductions were calculated as the induced luciferase activities compared to the mock insert plasmid (pME18S-FL3). The numbers of the cDNAs isolated from the corresponding libraries were shown in the third to the sixth columns and the length of the full-length cDNAs and the deduced amino acid were in the seventh and the eighth columns. The LocusLink ID, OMIM ID and the reported gene functions are also presented in the ninth to the 11th columns.
NR: No record
Large-scale analysis of the NF-jB and MAPK pathways A Matsuda et al intriguing that several cancer-related genes are included in this category. For example, the MLT gene was originally identified as a gene disrupted by the chromosomal translocation. t(l1:18)(q21;q21), which recurrently occurs in B-cell lymphomas of mucosa-associated lymphoid tissue (MALT) type (Akagi et al., 1999) . The translocation fuses the MLT gene and the API2 gene, generating a chimeric protein, API2-MLT. In another MALT lymphoma translocation, t(1;14)(p22;q32), the Bcl-10 gene is mutated. Interestingly, all of these genes, MLT, API2 and Bcl-10, were identified as activators of NF-kB in our study (Tables 2 and 3 ). Considering that there is no apparent difference in histology, immunophenotype or clinical behavior between MALT with t(11;18)(q21;q21) and t(1;14)(p22;q32), it is possible that these genes exert their oncogenic activities via a similar mechanism. In addition to these genes, we identified several uncharacterized cancer-related genes, such as BST-2, which is a surface antigen preferentially overexpressed on multiple myeloma cells (Ishikawa et al., 1995) and the TFG/TRK3 gene, which is associated with papillary thyroid carcinoma (Mencinger et al., 1997) . This reflects the fact that aberrant activation of NF-kB is involved in the oncogenesis of various cancer types.
In the course of this study, reports appeared describing the cloning of the full-length cDNA of the MALT gene appeared (Uren et al., 2000; Liu et al., 2001) . According to these studies, the NF-kB-activation activity of the MALT gene is possessed not by fulllength form of the MALT protein but by the Nterminal-truncated form. The N-terminal part thus should he essential for the canonical control functions of this gene. Since we performed the reporter gene assay using the NF-kB activation activity as an indicator, the truncated form may have been selectively identified. This also might have been the case for several other genes, although the overall fullness of each library was around 70%.
In addition to the possible cancer-related genes, genes involved in various aspects of cellular functions were isolated from our screening. PIG7 is a transcription factor (http://www.ncbi.nlm.nih.gov/entrez/dispomim. cgi?id ¼ 603795: further references are therein) and NEK6 and SNK are kinases (http://www.ncbi.nlm.nih.-gov/LocusLink/LocRpt.cgi?l ¼ 10769: http://www.ncbi. nlm.nih.gov/LocusLink/LocRpt.cgi?l ¼ 604884) ROR-ET and RFP2 are uncharacterized proteins containing RING -finger domains (http://ww.nebi.nlm.nih.gov/ LocusLink/LocRpt.cgi?l ¼ 10475: http://www.ncbi.nlm. nih.gov/entrez/dispomim.cgi?id ¼ 605661), which have been observed in a number of genes involved in the ubiquitin-proteosome-dependent protein degradation pathway (Joazeiro et al., 1999: Joazeiro and Weissman, 2000; Xie and Varshavsky, 2001 : also see Table 4 ). Although further analyses will be required to determine how each gene affects the NF-kB pathway, the data presented here should lay groundwork for the genomewide understanding of the NF-kB signaling network.
Characterization of the 'Novel Genes'
For each of the 'Novel Genes', we completely sequenced the cDNAs and determined the amino-acid sequences NA: not assigned; NS: not significant ND: not detected Each of the cDNA sequences were searched against the databases of fully sequenced cDNAs and the dbEST (the ninth and the 10th columns). As for fully sequenced cDNAs, the IDs of hit cDNAs and their identifies are shown, id.: identical. As for ESTs, the numbers of hit ESTs are shown. Whether a cDNA contained any terminator codon upstream to the translation initiator ATG is shown in the 11th column. The genomic positions, the presences of the predicted subcellular localization signals and the protein motifs are shown in the 12th to the 14th columns. As for the rest of the columns, refer to the legend of Table 2 a During the preparation of the manuscript, this gene was reported to activate NF-kB
Large-scale analysis of the NF-jB and MAPK pathwayswhich they encoded. Using the deduced amino-acid sequences of 'Novel Genes', we searched the CDD protein motif database using PSI-BLAST at NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). In Clone 502, the TIR domain was observed (Figure 1 (Fitzgerald et al., 2001) . Clone 502 should be a new member of this family that is also involved in the NF-kB pathway, which plays a pivotal role in the innate immune response. We further searched Genbank for other new members of the TIR domain-containing gene family. A homology search using the cDNA sequence of Clone 502 hit another TIR domain-containing protein. We carried out the molecular cloning and the complete sequencing of the full-length cDNA of this gene and designated it as 'Clone 502 Homolog' (Figure 1a) . We performed the luciferase reporter gene assay for Clone 502 Homolog as for other clones and found that this clone showed more than 200-fold induction of the luciferase activity (Figure 1b) . Moreover, this fold induction was suppressed by introducing dominant-negative-type mutant IKKb (Figure 1c) . Therefore, we concluded that this new gene also belongs to the TIR domain-containing gene family involved in the NF-kB pathway. It is also noteworthy that the simple combination of the homology search and the reporter gene assay expanded our data set.
Several homologous groups were found among 'Novel Genes'. Clone 413 was 64% homologous to Clone 164. Besides, a mouse gene, the Nedd4 WWbinding protein 5 gene, showed 97% homologous to Clone 164. This close mouse homolog was reported to interact with a ubiquitin-protein ligase, Nedd4 (Jolliffe et al., 2000) . In all of these genes, the PY motif, which is essential for the interaction with Nedd4, was conserved. The fact that these two related genes have been identified independently as activators of the NF-kB pathway suggests that the Nedd4-mediated proteindegradation pathway should be also involved in the regulation of the NF-kB pathway.
Clones 205 and 209 showed 69% overall homology and their exon-intron structures are highly conserved. The lengths of the exons were completely identical through third to eighth and 10th exons (the genomic sequence corresponding to the region downstream of the 10th exon of Clone 205 has not yet been determined), which strongly suggests the duplication of an ancestral gene occurred during evolution. Consistent with their similar genomic organization, both of them contained a Zn-finger domain at similar positions. However, while Clone 205 contains four ankyrin repeats, which are A BLAST search using the cDNA sequences of 'Novel Genes' also revealed that some of them have homologs in other organisms such as mouse, C. elegans, fruit fly and yeast (Table 5) . In these organisms, several kinds of genomewide analyses for characterizing gene functions, including systematic knockout studies and protein-protein interaction mapping, are underway (Barstead, 2001; Gavin et al., 2002) . It will be extremely informative to see what kinds of phenotype are reported for the disruptants of the homologs of these genes or with what proteins they interact in order to understand in what context the genes identified here are involved in the NF-kB pathway.
Detailed determination of the transcriptional start sites and characterization of the potential NF-kB binding sites in the promoters
Since it is not always possible to obtain useful information on gene functions solely by analyses of the cDNAs, we attempted to analyse the transcriptional regulation of the genes corresponding to the cDNAs identified here as well. Fortunately, since the cDNAs which we had isolated were full-length cDNAs, their 55-ends corresponded to the transcriptional start sites (TSSs) of the mRNAs. Thus, using the almost completed public human genome sequence data, we could map the 5 0 -ends of the cDNAs we identified onto the human genome and identify the adjacent promoter regions. Using the retrieved promoter sequences, the consensus sequences of transcription factor binding sites were searched using TRANSFAC (Ver 5.1: Wingender et al., 2001) . Considering that the promoters of most Perier et al., 2001) , another significant advantage in our approach is that we can identify the promoters of the isolated genes without additional laborious experiments. Figure 2a illustrates the results of such the analyses on the BST-2 gene and the TRAIL gene. Determination of the TSS and identification of the promoter have been previously reported for both of these genes (Ohtomo et al., 1999; Baetu et al., 2001) . The TSSs determined in this study were located just proximal to the previously determined ones and promoter sequences identical with those previously identified were successfully retrieved from the genomic sequences using our procedure, although the exact positions of the TSSs we identified were highly divergent from each other in both genes, suggesting the slipperiness of the transcriptional initiation events in these genes (Suzuki et al., 2001) . In Figure 2a , each TSS identified in this study is represented by an arrow. The consensus sequence of the STAT binding sites in the promoter of the BST-2 gene and the NF-kB binding sites in the promoter of the TRAIL gene are also highlighted in the corresponding panels. These promoter elements may be responsible for the fact that all of the cDNAs of these genes were isolated only from Library 2 (all 18 cDNAs of the BTS gene and all 10 cDNAs of the TRAIL gene; see Tables 2  and 3) , which was constructed from HNLF cells stimulated by TNFa and IL-4 (Kurata et al., 1999; Baetu et al., 2001) .
Intriguingly, the consensus sequence of the NF-kB binding site was found in the promoter regions of five 'Characterized Genes' and three 'Novel Genes' (Figure  2b, c) . For these genes, it is possible that a positive feedback loop of the transcriptional regulation exists. Indeed, it has been recently reported that the CD40 gene, which activates the NF-kB signaling pathway, is subject to positive expression regulation by NF-kB (Hinz et al., 2001 ). The promoters of the genes that contained the NF-kB binding sites may serve as useful clues for the functional characterization of these genes. It would also be interesting to compare the promoters of these genes with their expression profiles as studies employing microarray analysis begin to identify candidate target genes that may be activated by NF-kB (Dong et al., 2001) . Although further experimental validation, such as electromobility shift assay, on each of these genes should be indispensable before concluding that they are really downstream targets of NF-kB, it is significant that we were able to produce possible candidates at the same time with identifying genes activating the pathway itself. Detailed analyses of both the transcriptional regulation of each gene and of its protein functions should be performed complementarily with each other for functional characterization of the feedback/feedforward regulatory network of this signaling pathway.
Crosstalk between the NF-kB pathway and the MAPK pathway
We also carried out a similar analysis for the identification of genes that activate the MAPK pathway. As is the case of the NF-kB, the cDNAs that induced the luciferase activity more than fourfold compared to the mock insert plasmid were selected. In this case, fulllength cDNAs of p38 and JNK were introduced together with the plasmid. This was done because our preliminary experiments showed that activators of the p38/JNK pathway, which are subpathways of the MAPK pathway, could not be identified without supplying exogenous P38 or JNK, while genes activating Erk pathway, which is the other known subpathway of the MAPK pathway, could be identified without introducing Erk-1/2. In total, we examined 145 000 cDNA clones and identified 57 genes that activate the MAPK pathway (Table 6 ; for further details, see Materials and methods). The identified cDNAs were categorized and analysed in the same way as in the case of the NF-kB pathway (Supplementary Information  Table 1 ). We observed that many of the genes that had been previously reported to activate the MAPK pathway, such as Raf (MAPKKK), Tak (MAPKKK), Cot (MAPKKK) and MKK6 (MAPKK) were included among the 'Characterized Genes'. Again, genes that explicitly have no relation to the pathway were not . The hits with the top scores within each of the organisms are shown Large-scale analysis of the NF-jB and MAPK pathways A Matsuda et al identified. These observations showed that our system also works for the analysis of the MAPK pathway.
Although it is still possible that some of these genes are identified irrespective of the activation of the MAPK pathway, it is likely that its frequency is low and the genes listed in Supplementary Information Table 1 are mostly biologically relevant activators of the MAPK pathway. Among the identified genes, 27 genes were overlapping, activated both the NF-kB pathway and the MAP pathway ('Overlapping Genes' in Table 6 ). This result suggests that both pathways utilize these overlapping signaling molecules. Signaling through a common mediator could allow for coordinated responses downstream of certain receptors and may further provide cells with the opportunity to regulate the relative amounts of the signals that the two pathways receive at a single point. Consistent with this idea, emerging evidence indicates that many signaling molecules, including TRAFs, MyD88 and CIKS, are shared Large-scale analysis of the NF-jB and MAPK pathways A Matsuda et al by these two pathways. A recent study also demonstrated that MEKK3, which is one of the most important modulators of the MAPK pathway, is essential for TNF-induced NF-kB activation as well (Yang et al., 2001) . Actually. TRAF 5, MyD88, CIKS and MEKK3 were identified as 'Overlapping Genes' in the present study (Figure 3) . The idea that the NF-kB pathway and the MAPK pathway has multiple points of signaling convergence should be examined further by detailed analysis of the genes noted in Table 6 .
Conclusion
Here we reported large-scale identification and characterization of human genes that activate the NF-kB signaling pathway. We also demonstrated that our approach could be applied for the analysis of the MAPK signaling pathways too. A significant number of full-length cDNAs of genes were identified, some of which contained important motifs and others may play crosstalking roles between these two important signaling pathways. The information described here should lay the firm groundwork for the future analyses on each of the genes as to how they are involved in these pathways.
Our approach has two major advantages. First, we could facilitate the reporter gene assay by using cDNA clones isolated from full-length cDNA libraries. Considering that the cDNA libraries used for this study contained about 70% full-length cDNAs, the efficiency of the assay should have been increased by more than 10-fold compared to the efficiency with conventional cDNA libraries, since the frequency of full-length cDNAs in a conventional library is usually estimated to be several percent (for details see Suzuki et al., 2001) . Utilization of full-length cDNA libraries should be especially critical when transfection into mammalian cells and reporter gene assays are used, since this strictly limits the screening size. Secondly, since we started with full-length cDNA libraries, no further efforts, including several laborious rounds of the 5 0 RACE procedure, were required to isolate a full-length cDNA. Moreover, because the 5 0 -ends of the screened cDNAs should correspond to the exact mRNA start sites, the adjacent promoter sequences could be identified as well, which The numbers of screened genes that activated the MAPK pathway or both of the MAPK pathway and the NF-kB pathway are shown should give us important clues about the transcriptional regulation of the genes. A drawback in our approach is that we owe the screening method to the overexpression of the exogeneously introduced cDNAs. This implicates that some of the identified cDNAs might be artifacts, since the overexpression can cause an imbalance among components of the signaling pathway, so that the pathway gets artificially activated by a gene that is not a normal component of the pathway. Although dominant-negative-type mutant IKKb suppressed the activation of the pathway invoked by those genes (Figure 1c and Supplementary Information Figure 2 ), biochemical analyses on each of the identified genes should he indispensable before concluding that it is really a physiological activator of the pathway. To the contrary, it is also possible that we have missed the cDNAs that are really involved in the pathways but could not be activated by overexpression. However, it should be noteworthy that many of the previously characterized activators of the pathways were included in our screened genes and the genes that have explicitly no correlation to the pathways were seldom identified. These observations should validate the usability and fidelity of our method at least to some extent.
Another advantage of our approach is that it is applicable for essentially all of the signaling pathways. Moreover, on the other hand, we are now rapidly generating almost complete collection of full-length cDNAs of human genes, of which there are estimated to be 30 000-40 000 kinds (Strausberg et al., 1999;  submitted by Ota et al). Using this full-length cDNA resource for the future screening, further improvement of the efficiency and coverage of the analysis can be expected. The genes involved in various signaling pathways that are known to eventually activate a particular transcription factor would be identified one by one. Such a comprehensive analyses of signaling pathways and their crosstalks should create a bridge from the rapidly accumulating cDNA sequence information to the genomewide understanding of human gene networks.
Materials and methods
Construction of full-length cDNA libraries and arrayed cDNA pool NHLF cells were cultured in MEM containing 10% FCS. At 24 h before the cells were harvested, they were stimulated with 0.5 ng/ml IL-4 and 5 ng/ml TNFa. Total RNA was isolated using ISOGEN (Wako) and RNeasy (QIAGEN) according to the manufacturer's instructions. PolyA+RNAs were purified using oligo-dT cellulose (MRC) according to standard methods. Using 50 mg of polyA+RNA, the cap structure of the mRNA was replaced with a 5 0 -oligo-ribonucleotide by the oligo-capping method, which consists of three enzymatic reaction steps. First, bacterial alkaline phosphatase (BAP) hydrolyses the phosphate of the 5 0 -ends of truncated mRNAs whose cap structures have been broken down. Then, tobacco acid pyrophosphatase (TAP) removes the cap structure, leaving a phosphate at the 5 0 -end. Finally, T4 RNA ligase, which requires a phosphate at the 5 0 -end as its substrate, selectively ligates a 5 0 -oligo to the 5 0 -end that originally had a cap structure. Using oligo-capped mRNA, first-strand cDNA was synthesized with oligo dT adapter primer. After alkaline degradation of the template, first-strand cDNA was amplified by 12 rounds of PCR reactions and cloned into a plasmid vector, pME18S-FL3 (Genbank Accession #AB009864), in an orientation-defined manner. For further details of the procedure, see reference Suzuki et al. (1997) ; for more detailed procedure, see http://cdna.ims.u-tokyo.ac.jp/matsuda_etal/ Protocol_TextFigs.pdf.
We randomly isolated 150 000 cDNA clones from the fulllength cDNA libraries (60 000, 60 000 and 30 000 for Libraries 1, 2 and 3, respectively) and used them to construct an arrayed cDNA pool. Plasmid DNAs were purified using QIAwell 96 Ultra Plasmid Kits (QIAGEN) according to the manufacturer's instructions.
Transient transfection and luciferase reporter gene assay
In each well of a 96-well microtiter plate, 1 Â 10 4 HEK293 cells were cultured and 50 ng of the plasmid DNAs were transfected together with 25 ng of the reporter plasmid using 0.3 ml of Fugene 6 (Roche). At 24 h after the transfection, cells were harvested and assayed using the Dual Luc System (Promega) according to the manufacturer's instructions. The cDNAs were transfected into the cells as quadruples (four cDNAs per well). For each group of cDNAs that showed more than fourfold induction of the luciferase activity, a second round of this reporter gene assay was performed in the same manner. Each reporter gene assay was performed in triplicate. The dominantnegative-type mutant IKKb was produced as an kinasedeficient form containing an amino-acid substitution of 44 (K-M) as described previously (Mercuric et al., 1997) and indicated amount was introduced.
For analysis of the NF-kB pathway, pNF-kB-Luc (Stratagene) was used as the reporter plasmid. For analysis of the MAPK pathway, the cDNAs were transfected together with full-length cDNAs of p38, JNK and pFA2-Elk1 (Stratagene), which contains the GAL4-Elk1-fusion gene. A plasmid containing the GAL4 binding sequence upstream of the luciferase gene, pFR-Luc (Stratagene) was used as the reporter plasmid. Briefly, cDNAs involved in the MAPK pathway leading to the activation of p38, JNK or Erk1/2 were expected to activate the Elk-1 transcription activation activity and thereby increase the fold-induction of the luciferase activity. The validation of the screening was performed as is done in the case of the NF-kB pathway.
Computational analyses
The BLAST searches were performed using the NCBI BLAST (http://www.ncbi. nlm.nih.gov/BLAST/; Altschul et al., 1997) . For the protein motif database, CDD (http://www.ncbi.nlm. nih.gov/Structure/cdd/cdd.shtml) was used. Genomic alignments of the cDNAs were determined using Sim4 (Florea et al., 1998) and Golden Path (http://www.genome.ucsc.edu/; as of 22 December 2001). TRANSFAC was from hltp://www.biobase.de/ (Rel. 5.1). For the search of transcription factor binding sites, we employed cutoff values of 0.90 and 0.95 for the matrix similarity and the core similarity, respectively. The promoter sequences from nucleotides À1000 to 0 compared to the TSS were searched. Subcellular sorting signals of the proteins were predicted using iPSORT (http://www.hypothesiscreator.net/iPSORT/; Bannai et al., 2001 ).
